Structures and energies of the gas-phase species produced during and after the various unimolecular decomposition reactions of methyltrichlorosilane (MTS) with the presence of H 2 carrier gas were determined using second-order perturbation theory (MP2). Single point energies were obtained using singles + doubles coupled cluster theory, augmented by perturbative triples, CCSD(T). Partition functions were obtained using the harmonic oscillator-rigid rotor approximation. A 114-reaction mechanism is proposed to account for the gas-phase chemistry of MTS decompositions. Reaction enthalpies, entropies, and Gibbs free energies for these reactions were obtained at 11 temperatures ranging from 0 to 2000 K including room temperature and typical chemical vapor deposition (CVD) temperatures. Calculated and experimental thermodynamic properties such as heat capacities and entropies of various species and reaction enthalpies are compared, and theory is found to provide good agreement with experiment.
I. Introduction
The chemical vapor deposition (CVD) of silicon carbide (SiC) has been widely studied experimentally and theoretically due to its extraordinary physical and chemical properties. Two common crystal lattice structures of bulk SiC are R-SiC (wurtzite-type SiC) and -SiC (zinc blende or diamond lattice SiC). Each Si (C) atom bonds with 4 C (Si) atoms tetrahedrally in both R-SiC and -SiC crystals. Figure 1 shows that the major structural difference between the R and forms of SiC is the six-member rings in R-SiC can adopt both boat and chair conformations, whereas only six-member rings with the chair conformation can be found in -SiC, the major form of SiC produced by CVD. The high melting point (ca. 2700°C), 39 satisfactory hardness (Moh's hardness of SiC is 9.3/10), 40 imperviousness to gaseous fission products, lower reactivity to oxygen compared with pure bulk Si, and relatively low cost of -SiC make it an effective and economic coating material. One important use of SiC is as one of the TRISO (Tri-isotropic) coatings for the uranium kernels used as the nuclear energy fuel in high-temperature gas-cooled nuclear reactors. The TRISO coating consists of four layers: (1) the porous carbon buffer whose role is to accommodate fission products and fuel kernel swelling during and after the nuclear reactions; (2) pyrolytic carbon that traps fission products and prevents the first amorphous C layer from being chlorinated when undergoing the SiC coating process. (3) the -SiC layer, which functions as a "pressure vessel" layer and is impervious to gas and metal fission products; (4) a pyrolytic carbon layer that provides protection for the SiC layer and the entire pellet.
The objective of this paper is to help clarify the mechanism of the SiC deposition.
Experiments have provided evidence that methyltrichlorosilane (MTS) is an ideal precursor for producing high quality -SiC by using the CVD technique. 18 One possible reason is the MTS Si:C 1:1 ratio is the same as the Si:C ratio of the SiC product. Another reason may be that the SiC CVD using MTS as precursor molecules produces a byproduct HCl, which might play an important role in suppressing the deposition of pure Si crystal during the growth of the SiC films or crystals. 18 The H 2 carrier gas may facilitate the reduction of the Si-Cl bonds on the growing surface of SiC, thereby increasing the deposition rate.
Several important questions have yet to be answered regarding the CVD process. These include how HCl or H 2 affects the deposition rate and the quality of SiC under various reaction conditions, such as the gas-phase temperature. To improve the CVD technique for growing high quality SiC at a reasonable deposition rate, a better understanding of the mechanism of the CVD process is needed. One challenge to unraveling the CVD mechanism is to determine how the gas-phase composition changes with residence time, temperature and other reaction conditions. Tens or even hundreds of species including various molecules, radicals, and atoms can be produced and coexist in the gas phase at various high CVD temperatures. These gasphase species may react with each other and/or interact with the surface of the pyrolytic carbon at the initial stage of the CVD process. They can also interact with the growing SiC surface after the first layer of SiC has been formed on the pyrolytic C surface. It is desirable, but not necessarily feasible, to simplify the gas-phase reaction mechanism by excluding some species; for example, species with low concentrations or species with low chemical reactivity with the C or SiC surface. Reactive species, such as CH 3 and SiCl 3 radicals, that might have very low concentrations in the gas phase, often play an important role in the heterogeneous chemical reactions that account for the deposition and growth of SiC. On the other hand, some kinetically stable species that exhibit very low reactivity with the surface, such as CH 4 , C 2 H 6 , and SiCl 4 , often have high concentrations during the CVD process and serve as a major source for the production of active radicals such as CH 3 and SiCl 3 . Due to the complexity of the gas-phase chemistry of SiC CVD, mechanisms proposed from kinetic modeling based on the analysis of experimental data are often incomplete or inaccurate. Thus, a careful, systematic theoretical study of the gas-phase chemistry of SiC CVD is desirable.
This paper presents a thorough study of the thermodynamic properties of various possible gas-phase species produced during the CVD that uses MTS as the precursor and H 2 as the auxiliary gas. The detailed reaction paths that lead to the production and consumption of the gas-phase species, the corresponding transition state structures and the related thermodynamic and kinetic data are presented and discussed in the following paper.
The remainder of this paper is organized as follows. In section II, the computational methods for obtaining the local minimum energy structures and thermodynamic data of the gas-phase species are briefly introduced. In section III, structures and point groups of various gas-phase species are tabulated. A 114-reaction mechanism is then proposed to account for the production and consumption of the studied gas-phase species. Reaction enthalpies, entropies, and Gibbs free energies are tabulated. Careful comparison between the calculated and experimental thermodynamic properties of various species is presented. The Supporting Information provided with this paper includes the predicted energies, zero point energies, Cartesian coordinates, and vibrational frequencies of all of the species studied in this work. Values of isobaric heat capacity at atmospheric pressure are also provided in the Supporting Information, because they are often indispensable for chemical kinetic simulations.
II. Computational Details
Geometries, energies, harmonic vibrational frequencies, and zero point energies have been obtained using restricted (for closed-shell species) and unrestricted (for open-shell species) second-order perturbation theory (MP2) 41 with the Dunning augcc-pVDZ basis set. 42, 43 Hessian (energy second derivative) calculations were performed to obtain thermodynamic properties. MP2 single-point energies were obtained at these geometries, with the triple-aug-cc-pVTZ basis set. 42, 43 Coupled cluster with single and double excitations and perturbative triples (CCSD(T))/aug-cc-pVDZ single point energy calculations were also performed at the MP2/aug-cc-pVDZ geometries. CCSD(T)/aug-cc-pVTZ single point energies were estimated by assuming the additivity of correlation and basis set corrections:
Comparison between the estimated and true CCSD(T)/aug-ccpVTZ energies were made for small molecules including 1 CH 2 , 3 CH 2 , CH 3 , CH 4 , C 2 H x (x ) 1-6), H 2 , Cl, Cl 2 , SiHCl, SiCl 2 , SiH 2 Cl. The discrepancies between the estimated and true CCSD(T) values are within ca. 0.001 hartree when no Cl atoms are present. The estimated CCSD(T)/aug-cc-pVTZ energy is about 0.008 hartree per Cl atom higher than the correct CCSD(T) result for Cl-containing species. For example, the estimated CCSD(T)/aug-cc-pVTZ energies of Cl, Cl 2 , SiHCl, SiCl 2 , SiH 2 Cl are 0.0088, 0.0158, 0.0077, 0.00163, and 0.0083 hartree higher than the true CCSD(T)/aug-cc-pVTZ results, respectively. Fortunately, most of this discrepancy cancels because relative energies, not absolute energies, are of interest.
All of the MP2 calculations were done with the GAMESS suite of codes. 44 CCSD(T)/aug-cc-pVDZ singlet point calculations were performed using the ACES package. 45 Structures and vibrational frequencies were visualized with the aid of MacMolPlt. 46 Table 1 illustrates the structures and point groups of the studied gas-phase species that are produced during and after the chemical vapor deposition of silicon carbide with MTS and H 2 as precursor molecules. All species with an even (odd) number of electrons is a singlet (doublet) state unless noted otherwise. The thermodynamic properties of all Cl-containing species were calculated with assumption of the presence of only 35 Cl isotopes. Some species, such as CH 3 SiCl and 1 CHSiCl 3 with C 1 symmetry, can have two enantiomers, but this has no effect on any computed energetic properties.
III. Results and Discussion
Predicted thermodynamic properties may be compared with experimental values from the CRC Handbook 40 for CH 4 , C 2 H 2 , C 2 H 4 , C 2 H 6 , Cl, Cl 2 , HCl, H, H 2 , and SiCl 4 in the gas phase at various temperatures ranging from 298.15 to 1400 K. Figure 2 shows that the theoretical and experimental isobaric (at 1 atm) heat capacities agree well for all of these species at all temperatures. 47 The discrepancies between the theoretical and experimental C p values are generally less than 0.5 cal/(mol K). The largest C p discrepancy is 1.3 cal/(mol K) for CH 4 at 1400 
K. Figure 3 shows that the calculated entropies also agree well with the experimental values. Most entropy discrepancies are less than 0.5 cal/(mol K); the largest discrepancy is 2.1 cal/ (mol K) for the Cl atom at 1400 K.
As noted earlier, it is difficult to propose a mechanism for the gas-phase chemistry involving MTS as precursor and H 2 as carrier gas at high CVD temperatures. Stable species usually have lower reactivity; however, they may serve as a major source of highly reactive species. Therefore, various strategies were applied to make a reaction list to account for the gasphase chemistry. One strategy is to review available experimental data to decide what species have high concentrations in the gas phase. Gas chromatography experiments by Zhang and Huttinger suggest that the major species with significant concentration in the gas phase are H 2 , CH 4 in the gas chromatography experiments done by Mousavipour et al. 8 It is natural to include reactions involving the above species in the reaction mechanism. Another strategy is to review the gas-phase reaction mechanism proposed by others, such as Allendorf et al., 1 Osterheld et al., 23 Zhang et al., 21, 22 and Sotirchos et al., 12, 13 to select reasonable reactions that might significantly affect the gas-phase composition. Some reactions proposed by others may be excluded. For example, the gasphase polymerization reactions of SiCl 2 and CH 3 SiCl proposed by Zhang and Huttinger 21,22 may be excluded, because such reactions tend not to be important at the high temperatures of interest here, because they are entropically disfavored. The energy decrease due to the formation of one extra Si-Si single bond during the growth of a Si chain may not compensate the Gibbs free energy increase contributed by the loss of the translational entropy of one monomer. The concentration of MTS decreases quickly in the early stage of high-temperature CVD. 12 The major decomposition pathway of MTS is to break the Si-C bond to form CH 3 and SiCl 3 radicals at typical CVD temperatures, 7, 23 even though a typical Si-C bond is about 23 kcal/mol stronger than a typical Si-Si bond. A third strategy is to look up the reaction rate constants obtained experimentally and/or theoretically 48 as a guide in choosing significant reactions. Reactions with low reported reaction rate constants and reactants with low concentration might be removed from the reaction list for the proposed mechanism. However, this must be done with a great deal of caution because the reaction rate constants obtained from various experiments and theoretical calculations do not often agree well with each other and it is often difficult to predict the concentration of reactants. Consequently, no reactions are initially eliminated in the present study. Enthalpy, entropy and Gibbs free energy changes for the decomposition reactions of MTS and the consecutive reactions in the gas phase at various temperatures from 0 to 2000 K are reported in Tables 2-4 respectively. Table 2 shows that the enthalpy changes of all 114 reactions are not sensitive to temperature change. For example, the reaction enthalpy of CH 3 SiCl 3 f CH 3 + SiCl 3 is 91.6, 91.9, 88.3 kcal/mol at 0, 1000, 2000 K, respectively. Table 3 shows that the magnititudes of reaction entropies are usually less than 10 cal/(mol K) in the range 0-2000 K, if the numbers of reactant and product particles are equal. However, reaction entropies increase by ca. 20-40 cal/(mol K) if products outnumber reactants by 1, or vice versa. This is mainly due to the contribution of the translational entropy of the extra particle. Reaction entropies may significantly affect Gibbs free energy changes at high tempertures. Table 4 shows that free energy changes of reactions with a greater number of particles on the product side decrease dramatically as the temperature increases, and vice versa. For example, CH 3 Tables 2-4 are reactions that may affect the concentration of the various species in the gas phase. Further screening of these reactions will require kinetic simulations to provide accurate rate constants. This data and the corresponding analysis will be provided in subsequent reports.
To evaluate the accuracy of the predictions of thermodynamic properties, experimental reaction enthalpies vs temperature for reactions that only involve CH 4 , C 2 H 2 , C 2 H 4 , C 2 H 6 , H, H 2 , Cl, Cl 2 , and HCl are compared with the experimental heats of formation as a function of temperature 40 in Figure 4 . Enthalphy changes of other reactions, such as dehydrogenation reactions, can be derived from the six independent reactions. The four reactions in Figure 4 that do not involve Cl all display excellent agreement between calculations and experiments throughout the temperature range. The discrepancies increase monotonically with temperature. The largest discrepancy between experimental and theoretical reaction enthalpies is found for Cl 2 f 2Cl, ranging from 3.4 kcal/mol at 298.15 K to 4.1 kcal/mol at 1400 K, increasing monotonically with temperature. This large discrepancy is not surprising, because predicting accurate atomization energies for halogen molecules are known to be difficult. For example, CCSD(T) calculations with the aug-cc-pVDZ or aug-cc-pVTZ basis set produce errors of 9.5 and 2.6 kcal/mol, respectively, for the atomization energy of F 2 . 49 The error can be reduced to 1.3 or 0.9 kcal/mol if the larger aug-cc-pVQZ or aug-cc-pV5Z basis sets are used. 49 However, these latter two basis sets are impractical for the large number of calculations that are of interest here.
To evaluate the accuracy of the predicted thermochemical properties of the various radicals investigated, the bond enthalpies predicted in this work are compared in Table 5 with the experimental ones 50 that were obtained at 298 K. The bond enthalpy of a bond homolysis reaction AB f A + B, DH(AB), is defined as the reaction enthalpy:
where ∆ f H stands for the standard enthalpy of formation. Table  5 shows that the largest discrepancy is only 1.3 kcal/mol for CH 3 + CH 3 f C 2 H 6 and 3 CH 2 + H f CH 3 among all of the 9 compared bond fission reactions.
IV. Conclusions
The thermodynamic properties of the unimolecular decomposition reactions of methyltrichlorosilane and other reactions related to the mechanism of the CVD process were studied. Energies and structures of various gas-phase species produced in the gas phase have been presented and discussed. The predicted isobaric heat capacity and entropy values of various gas-phase species agree well with experimental data. Reaction 
enthalpies, entropies and Gibbs free energies were also predicted and compare satisfactorily with available experimental values. The details of the transition state structures and the associated barrier heights will be illustrated in a subsequent work.
